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Abstract: The presented work proposes a generalized design methodology for dual-band hybrid antennas. The 
methodology is applied to a dual-band hybrid antenna system operating in two modes; one allows the antenna to radiate 
at a lower frequency band, whereas the other operates the antenna at a higher frequency band. The lower band radiating 
element is also responsible for exciting the higher band radiating element. Since the two radiating modes depend on each 
other, the antenna system is characterized in detail to achieve efficient impedance matching for both the modes. An 
efficient model is proposed that models the true behaviour of the system. A hybrid dual-band antenna has been modelled, 
designed and fabricated. Test results exhibit desired radiation behaviour as well as good impedance match for both the 
bands. The proposed design methodology allows the design of antenna for each radiating mode quasi-independently. This 
design methodology can be applied to any similar type of antenna which exploits multiple radiating elements where one is 
loaded by another. 
 
1. Introduction 
With the exponential growth in advanced 
telecommunication services, there is an ever increasing 
demand for systems and components supporting multiple 
standards while being as compact as possible. Embedding 
multiple functionalities in a single package leads to the 
concept of system-on-package (SOP). Several designs can 
be found in literature that propose systems with integrated 
antenna and front-ends on the same package [1-3]. 
For designing compact multi-standard systems, front-
end antennas remain the most challenging part of any 
system. Several research works propose multi-functional 
and reconfigurable antennas [4-6]. In [7-9] different modes 
are exploited to realize multiple-polarized antennas. 
Multiple frequency bands can also be achieved by exploiting 
multiple modes of the same radiating element [10-14]. 
Although multiple bands can be radiated using same antenna, 
but there is always a compromise in the radiation efficiency 
of the antenna system. Multi-band antennas can also be 
realized through hybrid structures [15-17] with each type of 
radiating element supporting different frequency band. In 
order to address the higher data rate requirements, front-
ends with large bandwidths are desired. Monopoles, diploes 
and Planar inverted-F antennas are used extensively as a 
solution to this problem. A dipole loaded with dielectric was 
presented in [18] to achieve wide bandwidth. The 
integration of such type of structures with the modern high 
density electronics is a major bottleneck for achieving 
compact and large bandwidth systems. On the other hand 
the dielectric resonator antennas (DRAs) offer superior 
radiation efficiency, higher gain and more compactness that 
can be used to realize antenna front-ends for high 
performance systems. In [19] a bulky 3D structure of 
dielectric loaded monopole antenna was presented. It was 
focused on the ultra-wideband (UWB) operation of the 
antenna (i.e. 1-20 GHz) which requires different design 
approach than the design of narrow band resonant structures. 
Furthermore, no account of interaction among the different 
radiation modes was presented in [19]. 
The presented work thoroughly discusses the design 
procedure of the dual-band antenna, as well as its coupling 
and radiation characteristics. The dual-band antenna is 
formed by combining the broadband monopole and more 
efficient DRA. A reliable circuit model will be proposed 
which can be used for co-designing of filter-antenna system 
as proposed in [20]. The designed antenna system can be 
used for Wi-Fi applications (IEEE 802.11(a) and 802.11(b)) 
as shown in [21] in which design concept of a filter-antenna 
front-end was shown. In this proposed work TE01δ mode is 
excited, and will be validated through radiation 
characteristics of the fabricated antenna. To the authors’ 
knowledge no significant work has been found in literature 
that proposes design methodology for such hybrid antennas. 
2. Hybrid DRA-Monopole Antenna 
The initial dimensions of the antenna structure are 
computed from the design equations well known in the 
literature. At first the individual radiating elements are 
characterized so that models generated can be used for the 
combined inter-dependent antenna system. The antenna 
system under discussion consists of two modes, namely the 
DRA mode, and the monopole antenna mode. The DRA 
mode will provide the radiation for the upper frequency 
band centred at fU = 5.5 GHz. The monopole antenna mode 
will radiate at a lower frequency band which is centred at fL 
= 2.45 GHz. A split-cylindrical DRA radiating in TE01δ 
mode is coupled to a monopole antenna to achieve a dual-
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band response. The DRA requires a strong coupling with the 
monopole antenna, while maintaining the required 
performance of the overall antenna system. In order to 
achieve optimal coupling of the DRA mode, an efficient 
monopole antenna structure is proposed which is optimized 
for both the modes. 
 
2.1. The DRA Mode 
 
A split-cylindrical—a cylinder cut into half by a 
plane along its rotational axis—dielectric resonator antenna 
is chosen for the DRA mode radiation. This structure 
supports the desired TE01δ mode. For the DRA mode this 
particular structure and mode is selected due to its ability to 
efficiently couple to the monopole antenna. Consider a split-
cylindrical shape dielectric resonator antenna of diameter d 
and height h, as shown in Fig. 1(a). The resonator is placed 
on an infinite ground plane. The field distribution, for TE01δ 
mode, inside the dielectric resonator is shown in Figs. 1(b) 
and (c). The material and dimensions of the dielectric 
resonator are chosen so as to achieve the required 
impedance bandwidth. The impedance bandwidth is a 
function of material’s relative permittivity εr and the aspect 
ratio (diameter ‘d’ to height ‘h’ ratio) [22]. Choosing a 
dielectric material, made of Alumina (tan δ= 0.002), of 
relative permittivity εr = 9.5, d = 18mm and h = 6mm, the 
DRA will yield an impedance bandwidth of >10%. 
 
 
 
 
 
b 
 
 
 
 
 
a   c 
 
 
d 
 
Fig. 1.  Sketch of E fields (solid line) and H fields (dashed 
lines), for TE01δ mode, inside the dielectric structure 
(a) Split-cylindrical DRA on infinite ground plane, (b) y-z 
plane, (c) x-z plane, (d) Wideband return loss of the antenna. 
 
The resonant frequency of the DR can be found from 
[23]. For a full cylindrical DR the resonant frequency is 
found to be 5.79 GHz. In order to investigate the radiation 
and impedance characteristics of the TE01δ mode the 
structure shown in Fig. 1(a) is simulated. It can be observed 
from Fig. 1 that the desired mode is efficiently excited in the 
DR. 
2.2. The Monopole Antenna Mode 
 
Radiation in the lower frequency band is realized 
through a folded monopole antenna structure which is 
excited through a grounded coplanar waveguide feed, as 
shown in Fig. 2. The antenna is matched through a quarter 
wave transformer. For this structure the substrate is chosen 
to be Rogers RT5880 having εr = 2.2 and height of the 
substrate is 1.575mm. The length of the monopole can be 
approximated as l1 + l2 = λg/4 (Fig. 2). The ground plane of 
the monopole antenna influences the gain, impedance and 
the resonant frequency, therefore it must be large enough 
and the open end of the monopole must be sufficiently 
spaced from the ground. Fig. 2 shows good impedance 
matching of the folded monopole antenna configuration. 
 
 
Fig. 2.  Return loss of the monopole antenna. Structure for 
monopole antenna mode (bottom left inset). Input 
impedance of the antenna (bottom right inset). 
 
 
a 
 
 
b 
Fig. 3.  Radiation patterns (Gain vs θ). ϕ= 0o (x-z plane) in 
solid red, and ϕ = 90o (y-z plane) in dashed green 
(a) DRA mode, (b) Monopole mode 
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The radiation patterns of the simulated antenna 
structures are illustrated in Fig. 3. These patterns will be 
used as a reference and will be compared with the radiation 
patterns of the final structure. 
2.3. Combined Antenna System 
 
The two antenna systems (DRA and the monopole 
antenna) are investigated separately, both are designed in 
such a manner so that they are compatible with each other. 
The dielectric resonator is now placed, as shown in Fig. 4(a) 
and (b), on the designed monopole structure to achieve a 
dual-band antenna. 
 
 
a 
 
 
b 
 
 
c 
 
 
d 
 
Fig. 4.  Combined DRA-Monopole antenna system. 
(a) Top View, (b) Side View, (c) Plot of E fields for TE01δ 
mode, inside the dielectric structure, (d) Plot of H fields 
TE01δ mode, inside the dielectric structure. The fields are 
shown at the cut-planes passing through the dielectric 
resonator. 
 
Observing the E and H fields inside the dielectric 
resonator (Fig. 4(c) and (d)), it can be verified that the TE01δ 
mode is excited in the DR at high frequency (DRA mode). 
It can be observed from Fig. 5 that when the shape of 
the dielectric material is changed the DR mode is changed 
significantly whereas there is negligible change in the 
monopole mode. 
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c 
Fig. 5.  The antenna's input property when, 
(a) the radius, Rdr, of dielectric material is changed, (b) the 
width, Wdr, of dielectric material is changed, (c) the relative 
permittivity of dielectric material is changed 
It is evident from Fig. 5(c) that the change in relative 
permittivity allows the change in DRA mode without 
effecting much to the monopole mode. 
The proposed antenna structure exhibits dual 
radiating modes that can be designed independently, where 
one mode provides the coupling mechanism for the other 
without much affecting on its radiation characteristics. 
3. Coupling Characteristics 
In order to properly model the whole antenna system, 
first individual antenna elements are characterized by 
simulating their input impedances for similar feeding 
structures as detailed in the previous section. The element 
values extracted for a particular resonating mode will 
remain same for the combined model this can be verified 
from the full-wave simulation of the combined structure. 
This section will detail the coupling characteristics as a 
function of position of DR on the monopole which will 
depend on the surface current distribution on the monopole, 
which eventually leads to the extraction of coupling 
coefficients. The monopole antenna, coupled to the source 
through quarter wave impedance transformer, shown in Fig. 
2 can be modelled as a parallel resonant circuit as illustrated 
in Fig. 6(a). For parallel resonant circuit, loaded quality 
factor Qm for monopole mode is given by: 
𝑄𝑚 =
𝑅𝑇𝑚
𝜔𝑜𝐿
=
𝑓𝑜
𝑓−90−𝑓+90
    (1-a) 
 𝑁𝑠𝑚
2 = (
1
𝑅𝑇𝑚
−
1
𝑅𝑚
) 𝑍    (1-b) 
 
RTm is the equivalent resistance of parallel RLC 
coupled to source. fo is the resonant frequency and f+/-90 are 
the frequencies at which phase of S11 is 90o above and below 
fo (from filter theory). The extracted circuit model values are: 
Nsm = 1.6, Rm = 27 Ω, Lm = 1 nH, Cm = 5.44 pF. 
Rm Cm Lm
Nsm :  1
Zin
Monopole
Impedance 
Transformer  
a 
 
Rm Cm Lm
Nsm :  1
Zin
Rd Cd Ld
Nmd :  1
Monopole
Impedance 
Transformer
DRA coupling
DRA
 
b 
Fig. 6.  Circuit model 
(a) Monopole antenna, (b) DRA coupled to the monopole 
antenna 
Consider the circuit model of DRA coupled to the 
monopole antenna as shown in Fig. 6(b). The monopole 
antenna is coupled to the source with an impedance 
transformer, whereas the DRA is coupled to the source 
through monopole and the transformer. Since the DRA 
operates at a higher frequency than the monopole it merely 
exhibits a loading effect on the monopole antenna mode. 
The monopole acts as an efficient coupling element for the 
DRA mode. 
𝑄𝑑 =
𝑅𝑇𝑑
𝜔𝑜𝐿
     (2-a) 
 𝑁𝑚𝑑
2 = (
1
𝑅𝑇𝑑
−
1
𝑅𝑑
) 𝑅𝑇𝑚    (2-b) 
Similarly for DRA mode loaded quality factor is Qd 
and RTd is the equivalent resistance of parallel RLC as 
defined by (2). The coupling Nsm is realized through a 
quarter wave transformer. The coupling Nmd is a function of 
the position of DR on monopole antenna. The coupling Nmd 
can carefully be optimized by studying the surface currents 
on the monopole, at both the frequency bands – centred at fL 
and at fU. It is evident that more the DR covers the 
monopole area, where electric fields are maximum, more 
predominate will be the loading effect on the monopole 
mode (at fL). A structure is therefore proposed which caters 
for such an effect. Fig. 7, shows the surface current 
distribution on the monopole antenna at fL. This structure is 
less sensitive to the effects of DR at fL, as the DR does not 
cover the portion of maximum E field. As can be seen from 
Fig. 7 the maximum current is in the unfolded (along y-axis) 
branch, the radiation pattern is similar to the ideal monopole 
as illustrated in Fig. 3(b). As the DR is over the area of 
monopole where magnetic field is strong the DR is tightly 
coupled to the source at upper frequency band fU. The DR is 
placed on the monopole antenna, as shown in Fig. 7(c), 
where the maximum coupling for the TE01δ mode is 
achieved. 
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a  Structure without DR 
 
b  Structure with DR 
 
c 
 
Fig. 7.  Surface current distribution 
(a) Surface current distribution on the structure without DR 
at 2.45 GHz, (b) Surface current distribution on the structure 
with DR at 2.45 GHz. The arrows show the equivalent short 
electric monopoles (for the monopole antenna mode), (c) 
Surface current distribution on the structure with DR at 5.5 
GHz. The arrow shows the equivalent short magnetic dipole 
(for the TE01δ DRA mode) 
Consider three different configurations of the antenna 
system as shown in Figs. 8(a), (b) and (c) which differs by 
the placement of DR on the monopole antenna. The input 
impedances for the three configurations are detailed in Fig. 
8(d), the extracted quality factors are shown in Fig. 9(a) and 
subsequent extracted element values for the proposed circuit 
model are given in Table 1, where Rm = 27 Ω, Lm = 1 nH, Cm 
= 5.44 pF. 
   
a  b  c 
 
 
d 
Fig. 8.  Input impedances for the three configurations 
(a) Configuration a of the antenna system, (b) Configuration 
b of the antenna system, (c) Configuration c of the antenna 
system, (d) Input resistance and input reactance 
 
a 
 
b 
Fig. 9.  Quality factors and return losses for each 
configuration 
(a) The quality factors of the two modes for the 
configurations a, b and c, (b) Return loss of the antenna 
system for the three configurations red (solid) line 
=configuration a, blue (dashed) line =configuration b and 
green (dashed) line =configuration c. 
 
The return losses for each of the configurations are 
shown in Fig. 9(b). It is evident that for configuration a and 
b the desired mode of the dielectric resonator is coupled to 
the source. It can also be seen from Fig. 9(b) that the DR is 
not coupled to the source for configuration c. 
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Table 1 Elements values for different configurations 
(DRA mode) 
Configuration Nsm Nmd Ld Cd Rd 
a 2.10 0.268 1 nH 0.5 pF 600 Ω 
b 2.16 0.242 1 nH 0.5 pF 600 Ω 
c 3.21 0.152 1 nH 0.5 pF 600 Ω 
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Fig. 10(a) shows the input impedance of the hybrid 
antenna system, the proposed model (Fig. 6(b)) 
approximates the optimized antenna accurately with 
elements values given in Table 2. 
 
 
a 
 
 
b 
Fig. 10. Input impedance and gain of the hybrid antenna 
system 
(a) The input impedance of the hybrid antenna system, (b) 
Gain of the antenna 
 
The gain of the antenna is shown in Fig. 10(b). The 
efficiency of the antenna for the monopole mode is 95% and 
for the DRA mode is 96%. 
4. Results and Discussion 
The combined DRA-Monopole antenna structure has 
been optimized and developed (Fig. 11). The dielectric 
resonator having εr of 9.5 and dimensions, d = 18mm and h 
= 6mm is attached to the PCB with a conducting glue. The 
PCB material chosen here is Rogers RT5880 having εr = 2.2 
and substrate height of 1.575 mm. The simulated and 
measured return loss of the dual-band hybrid antenna system 
is illustrated in Fig. 11. As it can be seen from Fig. 11 the 
measured lower frequency band is moved from the desired 
frequency band, this was due to the imperfection in the 
fabrication of prototype. Nevertheless the dual-band 
phenomena can well be studied with this structure. 
 
Fig. 11.  Simulated and measured return loss of the 
proposed filter. Structure of the fabricated filter (bottom 
right inset). 
 
  
a   b 
 
 
c   d 
Fig. 12.  Radiation patterns (Gain vs θ). Simulated values in 
dashed green lines and measured values in solid red line. 
(a) ϕ= 0o (x-z plane) at fL, (b) ϕ= 90o (y-z plane) at fL, (c) ϕ= 
0o (x-z plane) at  fU, (d) ϕ= 90o (y-z plane) at  fU 
 
The simulated and the measured radiation patterns, as 
shown in Figs. 12(a) and (b), at the lower frequency band fL 
the results show good similarity although 3-5 dB loss is 
observed (for ϕ= 0o) in the measurement results. A little 
deterioration is observed in the radiation pattern at θ= 180o–
back side of the DR (for ϕ= 90o). At the upper frequency 
band centred at fU the radiation patterns of the simulation 
and the measurements can be compared from Figs. 12(c) 
and (d). The patterns for the band at fU can be compared 
with that of Fig. 3. The patterns are quite similar except 
where the effect due to finite ground plane is dominant, 
which is more clear in the plot of ϕ= 0o plane. Comparing 
Fig. 3(a) and Fig. 12(c) it can be observed that the two nulls 
appearing in Fig. 3(a) at θ=90o and θ=270o cannot be seen in 
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Table 2 Elements values for the hybrid antenna system 
Parameter Monopole mode DRA mode 
Nsm 1.35 2.15 
Nmd 10 0.268 
Rm 27 Ω 27 Ω 
Lm 1 nH 1 nH 
Cm 5.44 pF 5.44 pF 
Rd 600 Ω 600 Ω 
Ld 1 nH 1 nH 
Cd 0.5 pF 0.5 pF 
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Fig. 12(c) as there is significant loss of ground plane at ϕ= 
0o plane of the final structure (Fig. 11). 
The proposed methodology can be employed to 
design any antenna system, for example, monopole can be 
replaced by a patch antenna, and the same principle could be 
followed to extract the model parameters. In that case, the 
desired patch antenna mode will be characterized for 
coupling with the DRA mode as well as with the source. 
Similarly, the DRA will be analysed for its dependence on 
the patch antenna mode, which will then be coupled to the 
source. Once all the model parameters are known, the 
complete antenna system can easily be designed. 
Furthermore, this methodology can be extended to multiple 
radiating modes (more than two) that may couple to each 
other in complex coupling topologies. The model derived 
from the above procedure can be used to integrate with other 
front-end components or co-designing of subsystems 
exhibiting multiple functionalities such as filter-antenna or 
antenna-amplifier subsystems. The design process is 
systematically summarized below: 
Step 1. Characterize the elements starting with the element 
having less couplings and moving towards those with 
more couplings. 
Step 2. Analyse the results and find the variables and 
structure to achieve quasi-independent design of each 
radiating mode. 
Step 3. Extract the model parameters for each radiating mode 
based on the analyses from the previous step. 
Step 4. Optimize the combined system. The generated model 
can now be used, reliably, to optimize the whole 
multiband radiating system. 
Step 5. Integrate the optimized model with the rest of front-
end components. The generated model can now 
easily be integrated with other circuit elements, 
which consequently simplifies the hybrid (EM + 
circuit) system design process. 
 
5. Conclusion 
A detailed designed methodology for dual-band 
antennas has been proposed. The proposed methodology is 
employed for designing a dual-band hybrid DRA-Monopole 
antenna. Since the hybrid antenna consists of two inter-
dependent radiating elements, a comprehensive coupling 
analysis has been presented. A reliable circuit model has 
been proposed which caters for the off-resonance loading 
effect on both the modes (monopole antenna mode and the 
DRA mode). It has been demonstrated that the two hybrid 
radiating modes can be designed quasi-independently. The 
proposed design methodology simplifies the design 
procedure for complex radiating systems. 
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